Paroxysmal nocturnal hemoglobinuria (PNH) may arise during long-term followup of aplastic anemia (AA), and many AA patients have minor glycosylphosphatidylinositol (GPI) anchor-deficient clones, even at presentation. PIG-A gene mutations in AA/PNH and hemolytic PNH are thought to be similar, but studies on AA/PNH have been limited to individual cases and a few small series. We have studied a large series of AA patients with a GPI anchor-deficient clone (AA/PNH), including patients with minor clones, to determine whether their pattern of PIG-A mutations was identical to the reported spectrum in hemolytic PNH. AA patients with GPI anchor-deficient clones were identified by flow cytometry and minor clones were enriched by immunomagnetic selection. A variety of methods was used to analyze PIG-A mutations, and 57 mutations were identified in 40 patients. The majority were similar to those commonly reported, but insertions in the range of 30 to 88 bp, due to tandem duplication of PIG-A sequences, and deletions of more than 10 bp were also seen. In 3 patients we identified identical 5-bp deletions by conventional methods. This prompted the design of mutation-specific polymerase chain reaction (PCR) primers, which were used to demonstrate the presence of the same mutation in an additional 12 patients, identifying this as a mutational hot spot in the PIG-A gene. Multiple PIG-A mutations have been reported in 10% to 20% of PNH patients. Our results suggest that the large majority of AA/PNH patients have multiple mutations. These data may suggest a process of hypermutation in the PIG-A gene in AA stem
Introduction
Paroxysmal nocturnal hemoglobinuria (PNH) is an acquired clonal stem-cell disorder characterized by hemoglobinuria, intravascular hemolysis, and venous thrombosis. 1 A subset of cell-surface proteins are attached to the plasma membrane via a glycosylphosphatidylinositol (GPI) anchor. In PNH, due to somatic mutations in the hematopoietic stem cell, the biosynthesis of the GPI anchor is deficient in affected cells and GPI-anchored proteins are absent from the cell surface. 2, 3 A strong connection between aplastic anemia (AA) and PNH was first commented on by Dacie and Lewis. 4, 5 Patients with AA may be observed to develop PNH, often accompanied by improvements in their peripheral blood counts, whereas PNH patients sometimes develop AA with loss of the PNH clone. With the introduction of routine Ham testing of AA patients, it was discovered that many AA patients developed a PNH clone even in the absence of clinically observable hemolytic disease, leading to a distinction between hemolytic PNH and AA/PNH. Large-scale studies have observed an incidence of PNH clones in AA patients surviving after antilymphocyte globulin (ALG) of 10% to 25% at 15 years after presentation. 6, 7 The introduction of flow cytometry to detect the absence of GPI-anchored proteins on PNH cells has led to further revelations. We and others have observed that many AA patients already have a detectable PNH clone at presentation, but usually at low level and detectable in granulocytes or monocytes but often not in erythrocytes. [8] [9] [10] [11] It is now clear that most, if not all, PNH clones arise because of somatic mutation in the PIG-A gene. 12 A variety of mutations have been reported, mostly base substitutions and small deletions and insertions leading to frameshifts. 3 Previous studies have concentrated on primary hemolytic PNH patients, although occasional patients with AA/PNH have been described, and 2 small studies have specifically looked at AA/PNH patients. 13, 14 Overall, the AA/PNH population previously studied is likely to have an ascertainment bias toward patients with a positive Ham test and patients who have evolved a large population of affected cells, whereas many AA patients have a small clone detectable in their granulocytes but often not in their red cells. 8, 10, 11 As part of a European Community study on the pathophysiology of AA, we wished to examine the spectrum of mutations specifically in AA patients developing a PNH clone. Patients were identified by flow cytometric screening and GPI anchor-negative cells were enriched by immunomagnetic separation, so as not to exclude patients with only a small clone. We report here that in this large series (40 patients) the spectrum of mutations resembled, but had some distinct differences from, that published for primary PNH, and that it included a major mutational hot spot. Although a significant minority of PNH patients are known to carry more than one clone, 15 our results imply that in patients with AA/PNH the large majority have more than one PNH clone.
Patients, materials, and methods

Patients
Patients with an initial diagnosis of acquired AA were screened in participating centers for the presence of GPI anchor-deficient cells. There were 40 patients who showed evidence of deficient cells, either at presentation or after variable periods of follow-up, and were referred to this study. Blood samples were obtained after informed consent under the auspices of the institutional review board at the University of Ulm, and boards at each participating center. Patient characteristics are listed in Table 1 .
Cell separation and DNA and RNA extraction
Peripheral blood granulocytes and mononuclear cells (MNCs) were separated on Ficoll-Paque (Amersham Biosciences, Little Chalfont, United Kingdom) by gradient centrifugation. Erythrocytes were separated from granulocytes by sedimentation using 5% dextran. DNA and RNA were extracted from the fractionated white cells using Tri Reagent (SigmaAldrich, Poole, United Kingdom), following the manufacturer's protocol.
Acidified serum lysis (Ham) test
The Ham test was performed using a standard protocol. 16 Briefly, erythrocytes were incubated with acidified normal human AB serum at pH levels of 6.6 to 7.0 for one hour at 37°C. Higher than 2% lysis was scored as positive. Normal erythrocytes and aminoethylisothiouronium bromide (AET)-treated erythrocytes were used as negative and positive controls, respectively. Polymerase chain reaction (PCR), subcloning, and sequencing DNA was amplified with the proofreading polymerase Pfu using the primers shown in Table 2 ("Primers used for cloning and sequencing of exon 2"), which generated 2 overlapping fragments for exon 2. Genomic DNA (100 ng) was used in a reaction containing 1 ϫ manufacturer's buffer, 200 M each deoxynucleoside triphosphate (dATP, dCTP, dTTP, and dGTP), 15 pmol each of sense and antisense primer, and 1U Pfu DNA polymerase (Promega, Madison, WI) in a total volume of 50 L. Amplification was carried out for 35 cycles of 40 seconds at 95°C, 1 minute at 55°C, and 1 minute 30 seconds at 75°C, with a final extension for 10 minutes at 75°C. In some experiments these fragments were used for preliminary heteroduplex analysis, but the size of the larger fragments did not allow successful single-strand conformation polymorphism (SSCP) analysis. PCR products were analyzed by electrophoresis on 1.5% agarose *Primers S17 and S19 are derived from Iida et al. 17 NA indicates not applicable.
and stained with ethidium bromide. The products were purified using a QIAquick PCR purification kit (Qiagen, Hilden, Germany), cloned into pCR2.1 vector by blunt-end cloning using the ZeroBlunt-Kit (Invitrogen, Paisley, United Kingdom) and transformed into TOP10FЈ One Shot cells (Invitrogen). Transformed cells were seeded onto Luria-Bertani (LB) agar plates containing ampicillin (50 g/mL) and grown overnight. A reaction mix was made up to 57 L final volume containing 500 nM of reverse M13 primer and T7 primer, 50 mM KCl, 30 mM MgCl 2 , 0.01% gelatin, and 200 M of each dNTP. A minimum of 10 colonies were picked from each plate and boiled in the reaction mixture for 15 minutes at 95°C. Then 0.3 U Taq DNA polymerase was added and amplification was performed for 35 cycles of 1 minute at 96°C, 1 minute at 55°C, 1 minute 30 seconds at 73°C, and a final extension time of 10 minutes at 73°C. The PCR products were analyzed by electrophoresis on 2% agarose and stained with ethidium bromide. Products of the expected length were purified for nucleotide sequencing using the QIAquick purification kit.
PCR for SSCP and direct sequencing
In some experiments, PCR fragments were digested with restriction enzymes to obtain optimum size bands for SSCP, as described. 18 As an alternative, we designed primers to amplify the entire coding regions of the PIG-A gene in 8 overlapping fragments of suitable size for PCR and SSCP without further digestion ( Figure 1 ; Table 2 , "Primers used for PCR, SSCP, and direct sequencing of exons 2 to 6"). These primers amplify the exons and 5Ј and 3Ј intron/exon boundaries, but the extent of intron sequences was minimized to reduce the size of the fragments and to avoid irrelevant positive results due to intron polymorphisms. Because of its size, exon 2 was amplified in 4 overlapping fragments with appropriate primer pairs. For PCR, 100 ng genomic DNA was used in a reaction containing 1 ϫ standard buffer (Applied Biosystems, Warrington, United Kingdom), 100 M each dNTP, 15 pmol each of sense and antisense primer, and 1 U Taq DNA polymerase (AmpliTaq Gold; Applied Biosystems), in a total volume of 50 L. Amplification was carried out for 35 cycles of 30 seconds at 94°C, 30 seconds at 57°to 60°C (as specified for each exon in Table 2 , "Primers used for PCR, SSCP, and direct sequencing of exons 2 to 6"), and 1 minute at 72°C, preceded by 1 cycle of 12 minutes at 95°C to activate the polymerase and followed by 1 cycle of 5 minutes at 72°C.
Reverse transcription-polymerase chain reaction (RT-PCR)
A maximum 2 g total cellular RNA from either granulocytes or lymphocytes was heated to 70°C for 3 minutes and then chilled on ice. The RNA was made up to a total volume of 20.2 L containing 0.4 g random primers (Promega), 1 ϫ manufacturer's First Strand Buffer, 25 U RNasin, and 250 U M-MLV reverse transcriptase (Gibco Life Sciences). The mixture was incubated at room temperature for 10 minutes followed by 42°C for 1 hour. cDNA (2 L) was used to amplify the entire coding region of the PIG-A gene using different sets of primers as is shown in Table 2 ("Primers used for RT-PCR of PIG-A fragments for SSCP"). PCR conditions were as stated above.
Single-strand conformation polymorphism (SSCP)
Formamide loading buffer (10 L; 95% formamide, 10 mM NaOH, 0.25% bromophenol blue and 0.25% xylene cyanol) was added to 3 to 5 L PCR products. Samples were denatured by incubation at 95°C for 2 to 3 minutes and transferred immediately onto an ice slurry. Of each sample, 5 L was loaded onto a 1 ϫ mutation detection-enhanced (MDE) (FMC BioProducts, Wokingham, United Kingdom) polyacrylamide gel and electrophoresed at 300 V for 17 to 24 hours under conditions optimized for each fragment.
Heteroduplex analysis (HA)
Equivalent quantities of PCR-amplified wild-type and mutant DNA were mixed, except for samples from female patients, which contain normal sequences derived from the inactive X-chromosome, and from males who had more than 30% normal cells in the sample. Of each DNA mixture, 5 L was heat denatured at 95°C for 2 to 3 minutes, then allowed to slowly cool to room temperature for 1 hour for duplex formation. Immediately before loading, 2 L of 30% glycerol loading buffer was added to each sample. Samples were electrophoresed at 250 V at 4°C for 12 hours or longer.
Silver staining
Acrylamide gels were fixed in 10% ethanol 0.5% acetic acid. For staining, gels were incubated for 15 minutes in 0.1% silver nitrate, rinsed with water, and then developed for 20 minutes in 0.15% formaldehyde 1.5% NaOH and fixed for 10 minutes in 0.75% sodium carbonate.
Isolation and purification of DNA fragments from agarose or silver-stained polyacrylamide gels
Bands were excised from the gel, and incubated with 4 to 6 V QX1 buffer (Qiagen) at 65°C for 30 minutes with occasional vortexing. DNA was isolated on QIAquick spin columns (Qiagen) and eluted in 30 L 10 mM Tris 1 mM EDTA. The eluted DNA (2 L) was used for reamplification.
Mutation-specific PCR
DNA containing the 5 nucleotide (nt) deletion at nucleotides 662 to 666 was specifically amplified by seminested PCR. In the first round, DNA was amplified with the mutation-specific primer muk/s and antisense primer muk/as ( Table 2 , "Primers used for RT-PCR of PIG-A fragments for SSCP") for 35 cycles consisting of 95°C for 40 seconds, 48°C for 1 minute, 75°C for 1 minute 30 seconds, with a final extension of 10 minutes at 75°C. The first-round product (1 L) was then reamplified with the mutation-specific primer muk/s and antisense primer muk/2as for an additional 35 cycles. The PCR products were analyzed by electrophoresis on 2% agarose and stained with ethidium bromide. Products of the expected length were purified using the QIAquick PCR purification kit and the nucleotide sequence was determined.
DNA sequencing
Sequencing was carried out either manually using a Thermo Sequenase 33 P radiolabeled terminator cycle sequencing kit (Amersham Biosciences), or by fluorescent sequencing using an ABI PRISM Dye Terminator Cycle Sequencing Kit using fragment-specific primers; fragments were analyzed using an automated sequencer ABI PRISM model 310 (Applied Biosystems). Abnormal sequences were confirmed by analysis of the opposite strand. All mutations were confirmed by reanalysis of the original patient material.
Results
Quantitation of the expression of GPI-linked surface proteins
Granulocytes and lymphocytes were separated from the peripheral blood of AA patients, and the expression of GPI-anchored proteins on granulocytes, monocytes, and lymphocytes was assessed by indirect immunofluorescence and flow cytometry. Results are summarized in Table 3 . The size of the PNH clone varied greatly among patients and among cell types. In all cases, the deficient cells were detectable in neutrophils, but in a number of cases deficient cells were undetectable in RBCs. In most patients, lymphocytes had at most a small degree of CD59 deficiency.
Immunomagnetic enrichment of minor PNH clones
In order to avoid biasing our results toward mutations associated with only major PNH clones, granulocytes from patients with only a small percentage of GPI-negative cells were enriched by immunomagnetic depletion of CD59 ϩ cells. Enriched cells were relabeled with CD59 and rabbit antimouse FITC (RAM-FITC) for flow cytometric evaluation. More than 90% purity was obtained in most cases (Figure 2 ).
Detection of PIG-A mutations
The PIG-A exon 2 coding sequences of DNA from affected granulocytes of 11 patients (nos. 1-11) were amplified in a series of overlapping fragments using the primers described in Table 2 ("Primers used for cloning and sequencing of exon 2"). PCR products were subcloned into the vector pCR2.1. Lysates of individual colonies were reamplified by PCR and the sequence determined. In 19 patients, 24 mutations were detected. One is probably a constitutive polymorphism, as it does not give rise to any change in the protein sequence. Results of the mutation analyses are summarized in Table 4 .
As an alternative strategy, samples nos. 20 to 40 were analyzed by SSCP or HA and direct sequencing without subcloning. The primers shown in Table 2 ("Primers used for PCR, SSCP, and direct sequencing of exons 2 to 6") were designed to amplify fragments of optimal size for SSCP, without requiring restriction enzyme digestion. The extent of intron sequences in the PCR product was minimized to allow identification of splice site mutations, but to minimize fragment sizes and to avoid positive bands due to intron polymorphisms.
Abnormal SSCP bands were extracted from the gel and reamplified. The purity of the abnormal bands was examined on an SSCP gel, and the DNA was then used for direct sequencing. Mutations were confirmed by sequencing the complementary strand. When the abnormal band could not be separated by SSCP, either the unseparated PCR product or a purified heteroduplex band was used for direct sequencing. This frequently resulted in ambiguous overlapping of normal and mutant sequences. However, frameshifts could be clearly interpreted by examination of the sequence at the point of divergence where unambiguous sequence gave way to overlapping sequence, and single base substitutions could be clearly read in many, but not all, cases. An example of sequence derived from a heteroduplex band is shown in Figure 3 . All mutations were confirmed by reamplification and sequencing to exclude the possibility that mutations were introduced during the PCR reaction. By these techniques 33 sequence variations, 3 of which proved to be constitutional polymorphisms, were localized in 21 patients.
Large insertions and deletions in 4 patients
PCR products from 21 patients were examined by high-resolution electrophoresis on 4% NuSeive agarose gels (FMC BioProducts). Minor abnormal bands were observed, and in some cases these were identified as heteroduplex bands. Electrophoresis of products from patients nos. 23, 24, and 26 showed extra abnormal bands in exons 2, 5, and 6, respectively, in addition to the normal-sized band for that particular DNA fragment, suggesting the presence of insertions or deletions. We were concerned as to whether these minor bands might be PCR artefacts. Repeat of PCR using fresh DNA again showed the same bands, and restriction analysis confirmed that these abnormal bands were related to the expected PCR product (data not shown). RNA from granulocytes or lymphocytes of these patients was subjected to RT-PCR, and in each case the presence of the abnormal band was confirmed. Abnormal bands were excised from the gels and were used for direct sequencing after reamplification. Sequencing results for female patient no. 23 showed an 88-bp insertion starting at nt 781, as previously reported. 19 This insertion was a direct tandem repeat of the PIG-A gene sequence and resulted in a frameshift producing a premature stop codon (TAA) 5 codons after the start of the insertion. Nucleotide sequencing for patient no. 24 confirmed a 31-bp insertion/duplication in exon 5 ( Figure 4 ). This mutation resulted in a frameshift and created a TGA stop codon 6 codons after the start of the insertion. Patient no. 3, studied by subcloning and sequencing of PCR products, showed a similar 64-bp insertion due to tandem duplication, resulting in a stop codon 5 codons after the start of the insertion. For patient no. 26, sequencing revealed that 19 nt (from nt 1428-1447) were deleted from the abnormal fragment in exon 6, causing a frameshift and a TAG stop codon immediately one codon after the deletion.
A common mutation detected in 15 patients
During the above studies we observed the same 5-bp deletion mutation (GTACT at 662-666 in exon 2) in 3 patients (nos. 11, 22, and 24). An identical deletion has already been reported. 20 To confirm these mutations, and to analyze whether the same mutation might occur in other patients, we designed PCR primers to specifically amplify the mutant but not the normal sequence ( Figure 5 ).
Screened were 38 patients in 2 different laboratories. A PCR product could be amplified by seminested PCR from 15 patients (including the 3 original probands above), but not from any of 26 healthy controls. Patients nos. 12 to 19 were studied by PCR alone and may carry additional mutations. The identity of the mutant PCR fragments was confirmed by DNA sequencing. Although this mutation was prominent in some patients, in others it is clearly present at a low level and does not account for all of the GPI anchor-negative cells.
Multiple mutations in individual patients
Initial screening by both the cloning and the electrophoretic/SSCP methods identified a number of patients with more than one mutation. The electrophoretic/SSCP methods allow an approximate estimate of the size of a given mutant clone in relation to the percentage of CD59 Ϫ cells. For instance, in patient no. 24, about 85% of granulocytes were GPI negative, whereas the insertion in exon 5 appeared to represent about 10% of the DNA. Therefore another mutation was expected within the PIG-A gene of this patient. SSCP and HA were carried out for the entire PIG-A coding region, and we were able to identify a 5-bp (GTACT) deletion in exon 2. In patients nos. 23 and 26 there was an equally clear discrepancy between the intensity of the mutant band identified and the overall percentage of GPI anchor-negative cells, implying the existence of another mutation, even though we have not yet managed to localize this. In 2 other patients, nos. 21 and 29, there was evidence for an additional mutation based on the intensity of bands in the HA and SSCP gels, and the presence of overlapping sequence in DNA from cells that had been enriched to more than 95% CD59 Ϫ .
Evidence for 2 clones based on flow cytometry
In 5 of 21 patients, flow cytometric analysis of granulocytes for CD59 revealed 3 peaks: 1 coincident with the healthy control, 1 with the negative control, and 1 representing around 10% of normal CD59 expression ( Figure 6 ). We presume this peak represents the equivalent of the PNH II populations reported in red cells. In 2 cases, nos. 25 and 28, we have identified mutations that may account for the partially positive cells, but in the other 4 patients only null mutations have so far been identified.
Discussion
Mutations in the PIG-A gene
PIG-A gene mutation was studied in 40 patients with a history of aplastic anemia. Within the coding sequences of this gene, 43 different somatic mutations were found. Of the mutations, there were 19 different small deletions between 1 to 9 bp, and 3 small insertions between 1 to 2 bp. There were 4 mutations that caused larger deletions of 11 to 19 bp, and 3 others caused larger insertions of 31, 64, and 88 bp. These 3 insertions were each due to tandem duplication of a segment of the PIG-A gene. There were 13 mutations that caused single base pair substitutions: 8 missense, 4 nonsense, and 1 involving a splice junction. In addition to somatic mutations, a constitutional mutation was found in 2 females and 1 male. The mutation 55CϾT (codon 19), which is reported to be a variant polymorphism, 13, 21, 22 does not cause PNH as it was present in normal cells of the same patient (data not shown). We also observed a neutral substitution at position 460 in patient no. 7, which may also be an inherited polymorphism.
In a number of patients we have clear evidence that the mutations found do not represent the whole of the GPI-negative population. In addition, we have a total of 6 patients for whom no mutation has been identified. These patients were extensively screened, although, due to lack of material, all techniques have not been applied to every single patient. It is known that SSCP and HA cannot pick up all mutations, and these results suggest that other sensitive mutation screening techniques need to be considered. Another possibility is that the mutation is not within the PIG-A gene. However, this seems less likely, because the PIG-A gene is X-linked, 23 and requires only one mutation in a stem cell to generate the PNH phenotype, whereas other genes involved in GPI-anchor biosynthesis are located on the autosomal chromosomes and 2 mutations would be needed to cause a GPI-anchor deficiency. 24 Alternatively, it is possible that some mutations are in noncoding PIG-A sequences, such as promoter mutations or activation of cryptic splice sites in the introns.
Distribution of mutations
In cases where the whole of the coding sequence was screened by SSCP and HA, 19 of 30 mutations were found to be in exon 2. This may not be surprising as this exon encompasses about one half of the whole coding region. One mutation was found for exon 4, 4 for exon 5, and 6 other mutations were localized to exon 6, which has a relatively large coding sequence. Of 20 patients who were screened for exon 2 only, all had at least one mutation in exon 2. At that time we were not deliberately screening for multiple mutations in the same patient. We believe that some of these patients are likely to have mutations in other exons, but the combination of the frequency of exon 2 mutations and the incidence of multiple mutations resulted in all of this series being positive for exon 2.
Mutational hot spots within the PIG-A gene
More than 100 somatic mutations have been reported in the PIG-A gene in different PNH patients. The mutations are distributed throughout the PIG-A sequence, suggesting that they occurred at random sites and that there is no particular mutation hot spot. From 85 different mutations reviewed in Rosse, 3 5 mutations were found twice and 2 were found 3 times. Of our patients, 3 showed a 5-bp GTACT deletion in exon 2 at nt 662 to 666. The same mutation has also been reported in 1 patient 20 and we have described the same deletion in 2 patients following immunotherapy for non-Hodgkin lymphoma. 25 This led us to hypothesize that this site might represent a mutational hot spot within the PIG-A gene, and indeed a mutation-specific nested PCR reaction has found this mutation in 15 of 31 patients screened. It should be noted that the deletion is not 
Most patients have more than one mutation
There are a number of reports of PNH patients with more than one mutation within the PIG-A gene. 21, 33, 34 A recent paper 35 has shown that PIG-A mutations can be detected in healthy individuals, albeit at an extremely low level. These results support the hypothesis that a PNH clone has a growth or proliferative advantage over the normal clone in the background of aplasia. In 11 of our patients, more than one mutation was identified. We presume that they have originated from 2 different clones, but we have not formally proved this, except where both mutations are covered by the same PCR fragment.
The electrophoretic methods of analysis allow us to estimate the proportion of a mutation in the total DNA. In 5 patients, the mutation found clearly did not account for the size of the CD59 Ϫ population. For instance in one patient, no. 26, a 19-bp deletion was detected in a small proportion of granulocytes. Since more than 90% of his granulocytes were CD59 deficient another mutation is expected to be present. In 7 patients, we observed both a CD59 Ϫ and a CD59 lo cell population, but in 4 of these we have identified only null mutations, implying the existence of further mutations. Considering only the patients who have been analyzed by all of these methods, we have clear evidence for more than one mutation in 14 of 18 cases.
Advantages and disadvantages of mutation detection methods
A number of approaches have been used in the past for identifying PIG-A mutations, including the generation of transformed B-cell and T-cell lines to purify the mutant clone, SSCP to localize mutations, and/or generation and sequencing of multiple plasmid clones. We have identified many of our mutations by direct cloning and sequencing of PCR products, without preliminary localization of the mutations. Given the increasing efficiency and decreasing cost of automated sequencing, this is an effective method for identifying the major mutation in a sample. Since mutations can be introduced into the DNA during PCR, results need to be confirmed by sequencing multiple clones from the same patient, although the problem can be minimized by the use of a proofreading polymerase. Although we have identified more than one mutation in some cases, a potential drawback of this approach is that minor mutations may be missed.
Electrophoretic methods including HA and SSCP may still pick up mutations even when they are present in a small proportion of cells. We designed primer pairs for the efficient amplification of PIG-A coding sequence from cellular DNA and RNA, with amplified fragments of an appropriate size for efficient SSCP and HA without requiring restriction enzyme digestion. Use of intronderived primers allows detection of mutations in the splice junctions, but intron sequences were minimized to avoid falsepositive SSCP/HA results due to intron polymorphisms. Using exonic primers, 2 of the fragments from exon 2 were amplified. In theory these primers could also amplify sequences from the pseudogene, but we have never observed this in practice. When a minor abnormal band was observed in the silver-stained gels, it was excised, purified, and reamplified. Original PCR products and purified mutant fragments were analyzed by direct sequencing of the PCR product without subcloning. PCR may introduce mutations into a significant proportion of amplified molecules, and these are revealed after subcloning. However, unless amplification is initiated from a single cell, each individual mutation is present in only a minute proportion of the PCR product molecules, and is therefore not seen by direct sequencing.
The strategy of enriching the CD59 Ϫ cells, followed by PCR, electrophoretic analysis, and direct sequencing of PCR products, has proved very effective in identifying multiple and minor mutations, and in demonstrating in particular cases that there must be more than one clone present, even when the additional mutations have not been identified. Using other strategies, it is very easy to assume that the first mutation detected is the only mutation in that patient, and therefore easy to miss the presence of additional mutations.
Comparison of the mutations found in primary PNH and AA/PNH
Most of the mutations observed in PNH patients have been small deletions (1-14 bp), small insertions (1-8 bp), and base substitutions (see Rosse 3 for a recent review). Several studies have included patients with AA/PNH 13, 14, 21, 36, 37 and found similar mutations to those in primary PNH. In our study, most of the mutations were similar to those previously described, but 3 distinct classes of mutations were also identified. We observed 3 insertions, of 31, 64, and 88 bp. Before we described one of these mutations, published as a case report in 1997, 19 no similar mutations had been described. Since then, 4 examples have been reported, with insertions of 34, 38 31, 25, 39 and 19 bp. 40 Interestingly, like all 3 of our mutations, these insertions were all due to tandem duplications. Of these 7 mutations, 2 were found in hemolytic AA patients, so they do not appear to be specific to AA/PNH. Our 4 deletions, of 11, 12, 18, and 19 bp, also seem to differ from most previous publications, but 2 similar deletions have been reported by Nafa et al 41 and 3 others elsewhere. We suspect that the failure to find such insertions and deletions in the majority of studies is related to the particular techniques used. The 5-bp deletion that we have observed in a high proportion of our patients has again been previously reported, but only in a single PNH patient. 20 A major difference in the mutational spectrum we have observed is the incidence of multiple mutations in a majority of patients. Although patients with up to 4 different mutations have been previously reported, 15, 42 multiple mutations have been reported in less than 20% overall of cases of PNH. Our results raise the question of whether this is specific to AA/PNH as opposed to de novo hemolytic PNH. The mutations in question are null mutations, and are not therefore subject to differential selection. It is possible that we may be observing a different mutational process in AA/PNH with a possibly increased mutation rate. 43, 44 In order to examine these hypotheses, it is necessary to reinvestigate the mutational spectrum in de novo PNH to determine whether the preponderance of multiple mutations we have observed is indeed unique to AA/PNH.
